Because proinflammatory cytokines are markedly elevated during H5N1 influenza virus infection, the ''cytokine storm'' is hypothesized to be the main cause of mortality. Here, we demonstrate that mice deficient in the hallmark inflammatory cytokines TNF-␣, IL-6, or CC chemokine ligand 2 succumb to infection with A/Vietnam/ 1203/04 (H5N1) virus, as do wild-type mice treated with glucocorticoids for suppression of cytokines. Because cytokine inhibition does not protect against death, therapies that target the virus rather than cytokines may be preferable.
H
ighly pathogenic H5N1 avian influenza virus has caused Ͼ150 human deaths since 2003 in Asia, Africa, and Europe, where it continues to circulate in wild and domestic poultry. Its mortality rate in humans is Ͼ50%, with clinical manifestations that include fever, diarrhea, viral pneumonia, encephalitis, and acute respiratory distress syndrome (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Lymphopenia and high levels of inflammatory cytokines have also been reported (1, 2, 5, 7) , and laboratory studies have revealed high cytokine induction. Elevated levels of proinflammatory cytokines, including TNF-␣, IL-6, and CC chemokine ligand 2 (CCL2), have been detected in human cells and mice infected with highly pathogenic H5N1 influenza virus (2, (10) (11) (12) (13) (14) . A high cytokine response was observed in mice and macaques inoculated with the 1918 pandemic strain of influenza (15) (16) (17) . However, the significance of the elevated proinflammatory cytokine response (''cytokine storm'') in the pathogenesis of H5N1 remains to be determined.
Because of the pronounced elevation of cytokines during H5N1 infection, cytokine storm has been widely hypothesized to be the main cause of pathology and ultimately of death. The cytokines' multiple functions potentially allow them to affect host survival both positively and negatively. They promote lymphocyte activation and infiltration of sites of infection and exert direct antiviral effects. However, during a cytokine storm in which there is a dsyregulation of cytokines, their effects (e.g., excessive induction of apoptosis) may become excessive and harmful.
We investigated whether inhibition of the cytokine response is sufficient to protect against death caused by A/Vietnam/1203/04 (H5N1) virus isolated from a recent human fatality. These studies were performed in mice, which have been well established as a model that has H5N1 replication sites, H5N1-induced cytokine production, and H5N1 pathogenicity similar to that in humans (11, 13) . Furthermore, transgenic technology allowed us to examine mice genetically deficient in specific cytokines. The results show that mice deficient in the inflammatory cytokines TNF-␣, IL-6, or CCL2 succumb to infection with A/Vietnam/1203/04, as do wildtype mice treated with the cytokine inhibitor glucocorticoids.
Results
TNF-␣ is a proinflammatory molecule that induces diverse cellular responses and is proposed to be the primary architect of lymphocyte-mediated lung injury during influenza virus infection (18) . To determine whether TNF-␣ contributes to the high morbidity and mortality caused in mammals by avian H5N1 virus infection, we inoculated mice genetically deficient in TNF-␣ or its receptors with A/Vietnam/1203/04 virus. Mortality (Fig. 1A) and weight loss (Table 1) were similar in wild-type mice and mice deficient in TNF-␣. We then repeated these tests in mice deficient in the TNF receptor 1 (TNFR1) receptor or in both the TNFR1 and TNFR2 receptors. These mice had mortality and morbidity similar to that observed in TNF-␣-deficient and wild-type mice ( Fig. 1 A and Table 1 ). Therefore, the absence of TNF-␣ or of responsiveness to TNF-␣ does not reduce the morbidity and mortality caused by H5N1 virus infection.
Another prominent inflammatory cytokine, IL-6, has been reported to be elevated during H5N1 virus infection (11, 19) . After we inoculated IL-6-deficient and wild-type mice with A/Vietnam/1203/04 virus, they lost a significant but similar amount of weight (Table 1) , and all died by day 7 after inoculation ( Fig. 1B) . Therefore, IL-6 deficiency is not sufficient to reduce the morbidity and mortality of H5N1 virus infection in mice.
Also of interest are chemoattractant cytokines, or chemokines, which recruit leukocytes to infection sites. The chemokine CCL2, also termed monocyte chemoattractant protein-1, is produced at high levels after H5N1 virus infection (11, 19) . We inoculated wild-type and transgenic CCL2-deficient mice with A/Vietnam/1203/04 virus. Weight change (Table 1 ) and mortality ( Fig. 1C) were similar in the two sets of mice. Taken together, our results showed that deficiency of any of the key inflammatory cytokines (TNF-␣, IL-6, or CCL2) alone is not sufficient to protect mammalian hosts from death caused by highly pathogenic H5N1 virus.
Because no single cytokine was implicated in the lethality of the virus, we next tested the effect of glucocorticoids, which are steroids with diverse functions, including cytokine suppression (20) . Wild-type B6 mice were administered corticosterone, the natural murine glucocorticoid, for 3 days before inoculation with A/Vietnam/1203/04, daily starting 3 days before inoculation, or daily starting 3 days after inoculation. Untreated mice had significant weight loss as early as 3 days after inoculation and began to succumb to infection 7 days after inoculation (Fig. 2) . The morbidity of treated mice was not significantly different from the untreated mice (Fig. 2B) . Mortality rates were similar in all groups of mice, regardless of treatment (Fig. 2 A) . Therefore, glucocorticoid treatment does not reduce the lethality of infection with highly pathogenic H5N1 virus.
Discussion
These results demonstrate that inhibition of the cytokine response to infection with highly pathogenic H5N1 influenza virus is not sufficient to protect mammalian hosts from death. Mice deficient in the inflammatory cytokines TNF-␣, IL-6, or CCL2 had similar morbidity and mortality rates to wild-type mice after infection with A/Vietnam/1203/04. Furthermore, treatment of mice glucocorticoid did not protect mice against the highly pathogenic H5N1 virus. These results have relevance to worldwide public health, and implications for clinical therapy investigations and for laboratory studies of the pathogenesis of H5N1 infection.
There is intense interest in the question whether H5N1 avian influenza viruses, and similarly the 1918 Spanish influenza virus, exert their lethal effects by inducing a cytokine storm. Several studies have reported the significant increase in proinflammatory cytokines after H5N1 infections (2, (10) (11) (12) (13) (14) . The scientific and clinical communities are questioning whether inhibition of the inflammatory cytokine response might offer a lifesaving therapy for humans with H5N1 infection.
The data we report here addressed this question by demonstrating that genetic deficiencies in or chemical suppression of the inflammatory cytokines do not protect mice against a highly lethal human H5N1 isolate. Although these findings are negative in nature, they are crucially needed at this time to guide the search for effective therapy for human H5N1 infection. These results refute the popular paradigm that the cytokine storm is the cause of death during H5N1 infection.
The contribution of individual inflammatory cytokines to the morbidity and mortality caused by H5N1 was not apparent in our studies using mice genetically deficient in these cytokines. The inflammatory cytokines TNF-␣, IL-6, and CCL2 either are not involved in a destructive cytokine response or are redundant to other factors elicited during such a response. The latter possibility is relevant because of the pleiotropic functions of the cytokines. Dissecting the contribution of each cytokine to factors, other than weight loss and mortality, is necessary. Clues to the roles of these inflammatory cytokines in H5N1 will be gained from determining the mechanisms of induction of these cytokines, the cellular sources of these proinflammatory factors, and their effects on viral and host factors.
We previously showed that the lethality of A/Vietnam/1203/04 virus in mammalian hosts is associated with viral factors that include the polymerase genes (21) . Mutations in these viral genes were associated with decreased viral replication and increased host survival. Thus, inhibition of the H5N1 polymerase activity has the potential to be a therapeutic target. In contrast, inhib- iting the host cytokine response is not sufficient to reduce morbidity and lethality of the viral infection. Taken together, these data suggest that early inhibition of viral replication is more promising than inhibition of the cytokine response in promoting host survival of H5N1 influenza virus infection. It is important to note that, for certain antiviral drugs, there is a narrow time frame during which their administration will be effective. Thus, continued research on targeting host responses to H5N1 is justifiable.
Materials and Methods
Generation of Recombinant Viruses by Reverse Genetics. All experiments were performed in approved biosafety level 3ϩ laboratories. A/Vietnam/1203/04 (H5N1) was obtained from World Health Organization collaborating laboratories and grown in allantoic cavities of 10-day-old embryonated chicken eggs. RT-PCR was used to amplify the eight viral genes, and viral cDNAs were inserted into dual-promoter plasmid pHW2000 (22) . The plasmids were sequenced, and QuikChange Site-Directed Mutagenesis kits (Stratagene, La Jolla, CA) were used to generate coding sequences in plasmids identical to PCR fragment sequences. Recombinant viruses were generated by DNA transfection of MDCK/293 T cells. Transfection supernatant was injected into 10-day-old embryonated chicken eggs, and virus stock was prepared, sequenced, and titrated.
Sequence Analysis. The viral RNA was isolated from allantoic fluid by using RNA isolation kit (RNeasy; Qiagen, Valencia, CA). RT-PCR was performed by using the previously described universal primer set for influenza A (23). Sequencing was done at the St. Jude Children's Research Hospital's Hartwell Center for Bioinformatics and Biotechnology by using Big Dye Terminator (version 3) chemistry and synthetic oligonucleotides. The Applied Biosystems (Foster City, CA) 3700 DNA Analyzers were used to evaluate samples.
Infection and Glucocorticoid Treatment of Mice. Seven-to 10-weekold mice were lightly anesthetized with isoflurane and inoculated intranasally with 10 3 50% egg infective dose of infectious A/Vietnam/1203/04 virus in 50 l of PBS. Male C57BL/6J, B6129SF2/J, B6.129Tnfrsf1 atm1Mak /J, B6;129S6-Tnf tm1Gkl /J, B6;129S-Tnfrsf1 atm1Imx , Tnfrsf1 btm1Imx /J, B6.129S2-Il6 tm1Kopf /J, and B6.129S4-Ccl2 tm1Rol /J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Weight, clinical signs of infection, and survival were recorded. Glucocorticoid-treated mice received 30 g/ml corticosterone (Sigma, St. Louis, MO) in drinking water as previously described (24) 3 days before infection, 3 days prior and throughout infection, or 3 days after infection with A/Vietnam/1203/04. The levels of drinking water were monitored for intake of glucocorticoids.
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